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As-grown undoped n-type semiconducting and annealed undoped semi-insulating ~SI! liquid
encapsulated Czochralski ~LEC! InP has been studied by temperature dependent Hall measurement,
photoluminescence spectroscopy, infrared absorption, and photocurrent spectroscopy. P-type
conduction SI InP can frequently be obtained by annealing undoped LEC InP. This is caused by a
high concentration of thermally induced native acceptor defects. In some cases, it can be shown that
the thermally induced n-type SI property of undoped LEC InP is caused by a midgap donor
compensating for the net shallow acceptors. The midgap donor is proposed to be a phosphorus
antisite related defect. Traps in annealed SI InP have been detected by photocurrent spectroscopy
and have been compared with reported results. The mechanisms of defect formation are discussed.
© 1999 American Institute of Physics. @S0021-8979~99!03014-5#I. INTRODUCTION
Semi-insulating ~SI! liquid encapsulated Czochralski
~LEC! InP is usually obtained by doping with a high concen-
tration (>1016 cm23) of Fe.1,2 The outdiffusion of Fe from
the substrate to the epitaxy layer is detrimental to the quality
of InP based devices.3 Thus, an iron-free undoped SI InP
substrate is preferred. Unfortunately, undoped or even low
Fe concentration (<1015 cm23) doped as-grown LEC SI InP
has rarely been reported although high purity polycrystalline
InP was used.
In 1986, undoped LEC InP was found to change into
high resistivity materials (3.63105 V cm) by high tempera-
ture phosphorus ambient annealing for three weeks.4 SI ~with
resistivity of ;106 – 107 V cm! undoped InP was obtained by
annealing high purity undoped LEC InP.5–9 The compensa-
tion mechanism in annealed SI InP has also been studied
extensively.8–13 The main question here is whether this an-
nealed SI property is caused by thermally induced native
defects or by inadvertent and residual deep level metal con-
tamination. Fe contamination or activation in a low concen-
tration of 1015 cm23 has been observed in annealed undoped
SI InP sample.6,10 Lightly Fe-doped n-type semiconducting
LEC InP was also found to be annealed into SI material.14,15
All these phenomena indicated that residual Fe in the mate-
rial was probably responsible for the thermally induced SI
property.
With electron spin resonance and calorimetric absorption
spectroscopy measurements,10 no Fe31 was detected in an-
nealed undoped SI InP, indicating that all residual Fe in this
material was in the Fe21 state, as distinct from Fe-doped SI
a!Electronic mail: sfung@hkucc.hku.hk9510021-8979/99/86(2)/951/5/$15.00
Downloaded 02 Nov 2006 to 147.8.21.97. Redistribution subject to InP in which both Fe21 and Fe31 can be detected.16,17 A few
defects with energy levels in the range of 0.2–0.6 eV have
also been found in annealed SI InP which is either undoped
or lightly Fe doped.14,15 These results indicate that some na-
tive defects, which may also be involved in the compensa-
tion mechanism, have formed after the annealing process.
In this article, annealed undoped LEC InP is character-
ized by room temperature Hall, temperature dependent Hall
~TDH! measurements, photoluminescence ~PL! spectros-
copy, and infrared absorption. Defects in undoped SI InP are
detected by room temperature photocurrent spectroscopy and
compared with the results of other deep level spectroscopy
measurements. Compensation in annealed undoped SI InP
will be discussed.
II. EXPERIMENT
All samples are undoped InP wafers sliced from ingots
which are grown, by an in situ injection synthesis LEC
method in one of our laboratories.18 Annealing of LEC un-
doped n-type InP wafers is carried out in a sealed quartz tube
with about 60 mbar phosphorus ambient. The annealing tem-
perature is usually maintained at 900 °C and the sample is
cooled slowly to room temperature after annealing. Room
temperature Hall measurements and TDH measurements are
carried out on samples of van der Pauw configuration using a
magnetic field of 5 kG. After annealing, a layer of at least 80
mm on both sides of the wafer is removed to ensure proper
bulk property measurements. Single-side-polished samples
are used for the PL measurement while double-side-polished
wafers are used for infrared absorption experiments. The PL
system consists of a 480 nm argon laser excitation source, a
Spex 1 m grating spectrometer, and a photomultiplier Infra-© 1999 American Institute of Physics
AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp
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Downloaded 02 TABLE I. Electrical parameters of undoped LEC InP after annealing at 900 °C for 90 h.
Sample No.
Before annealing After annealing
n ~cm23! m ~cm2/V s! r ~V cm! n ~cm23! m ~cm2/V s! r ~V cm!
A-N-01 3.4231015 3740 0.49 8.373107 2710 2.763107
2.3431011 16 1.243107
A-N-02 4.2931015 4090 2.1131011 28 1.053106
A-N-03 5.3331015 4320 2.4531010 40 6.363106
A-N-04 4.1331015 4620 2.0731011 969 3.123104
A-N-05 1.0731016 4090 7.4331015 3420 0.24
A-N-06 1.3131016 3790 0.13 8.4331015 3330 0.22
4.0531014 4550 3.39
B-N-01 4.8831015 3790 0.34 6.8631015 1340 0.68
B-N-02 2.4031015 3280 0.18 4.1431015 1830 8.26red absorption measurements are carried out on a Brucker
ISF 120 Fourier transform infrared absorption spectrometer.
Room temperature photocurrent spectroscopy measurements
are carried out on single-side-polished SI InP samples in the
photon energy range of 0.3–1.6 eV. The system used for the
photocurrent spectroscopy measurement is described
elsewhere.19 The sample size is 5310 mm and the applied
bias is 100 V for these measurements. AuGe alloy is used for
making the necessary ohmic contacts.
III. RESULTS
A. Electrical measurements
All annealing results of undoped LEC InP are summa-
rized in Table I. The electrical parameters of annealed InP
change in two different ways. Undoped InP with a low car-
rier concentration becomes SI, whereas high carrier concen-
tration materials cannot be made SI by annealing; only a
reduction in the net electron concentration upon annealing
can be achieved. As shown in Table I, SI InP material with
very low mobility is obtained frequently. This low mobility
is an indication of mixed conduction in the material. For
mixed conduction material, the Hall coefficient and mobility
can be expressed as follows:20
RH5
rH
q
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where n is the electron concentration and p is the hole con-
centration. mn and mp are the mobilities of the electrons and
holes, respectively. Since the ratio of mn to mp of InP is
about 30, from Eqs. ~1! and ~2! the electron concentration is
about (7 – 36)3109 cm23, and the hole concentration is
about (5.6– 28)31012 cm23, implying that mixed conduction
materials are p type semi-insulating.
The TDH measurement result of sample A-N-01 is
shown in Fig. 1~b!. The temperature range of this measure-Nov 2006 to 147.8.21.97. Redistribution subject to ment is 6–300 K before annealing and 300–430 K after an-
nealing. From Fig. 1~b!, it can be seen that the carrier con-
centration saturates at room temperature and impurity band
conduction appears at low temperature. It is a typical TDH
result of compensated n-type InP.21 The result also indicates
that the concentration of deep levels is low and that the com-
pensation mainly comes from shallow levels in the material.
From the carrier concentration change in the temperature
range of 70–100 K, the ionization energy of the donors in
this sample can be deduced by fitting the following well
known equation:
FIG. 1. Temperature dependent Hall measurements of sample A-N-01. ~a!
After annealing; ~b! before annealing.AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp
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2ED /kT, ~3!
where the symbols have their usual meanings. The result is
ND51.231016 cm23, NA58.531015 cm23, and ED
57 meV. Thus, the dominant donor level in the material is
shallow ~57 meV!.
After annealing, the sample becomes SI and the TDH
measurement is carried out in the temperature range of 300–
430 K, as shown in Fig. 1~a!. The carrier activation energy is
obtained from the slope of nT21.5 vs 1/kT and is found to be
0.66 eV. Thus, a high concentration of midgap levels must
exist and compensate for shallow levels in the annealed
sample and give rise to the semi-insulating property.
B. Optical measurements
Sample A-N-01 has also been studied by photolumines-
cence spectroscopy and infrared absorption spectroscopy at
around 20 K. The spectra are shown in Figs. 2 and 3, respec-
FIG. 2. PL spectra taken at 19 K for sample A-N-01. The solid line is before
annealing and the dashed line is after annealing.
FIG. 3. Low temperature infrared transmission spectra of LEC InP after
annealing ~a! A-N-01, 17 K; and before annealing ~b! A-N-01, 33 K; ~c!
Fe-doped SI InP, 32 K; ~d! B-N-01, 22 K.Downloaded 02 Nov 2006 to 147.8.21.97. Redistribution subject to tively. As shown in Fig. 2, there is a strong peak at a photon
energy of about 1.38 eV. This structure has been shown to be
due to the transition from the conduction band to a shallow
acceptor level in InP.22 This is confirmation of a high con-
centration of shallow acceptor impurities in the material. Af-
ter annealing, the PL spectrum is nearly unchanged, indicat-
ing a negligible influence of the heat treatment process on
the acceptor impurity concentration.
Figure 3 gives the spectra of infrared absorption in the
range of 2200–2400 cm21, indicating the presence of a hy-
drogen indium vacancy complex V InH4 whose local vibration
frequency is around 2316 cm21 at low temperature.23 It is
seen in Fig. 3 that V InH4 can be detected by infrared absorp-
tion in both undoped n type and Fe-doped SI LEC InP. The
weak absorption peak of sample B-N-01 indicates that the
concentration of this defect in this particular sample is low.
The concentration of V InH4, estimated by the calibration data
of the Zn–H complex in InP,24,25 is in the range of
1015– 1016 cm23. In sample B-N-01 it is at least five times
smaller. The disappearance of the infrared absorption peak of
V InH4 after annealing @trace ~a!# is evidence that it is annihi-
lated in the annealing process.
C. Transient photocurrent measurements
Photocurrent spectroscopy measurements at room tem-
perature were done for annealed undoped n type and mixed
conduction SI InP samples. For comparison, photocurrent
spectra are also given for a Fe-doped SI InP sample annealed
at different temperatures. The defect levels can be identified
from the transient current peaks produced by the optical ex-
citation process. The spectra shown in Fig. 4 indicate several
trap levels exist in the band gap. These are at 0.43–0.77 eV
from the respective band edges. Note that this technique can-
not determine which band is involved in the transition. In
mixed conduction SI InP, similar trap levels are detected, but
their concentrations are different.
Two transient current peaks at 0.65 and 0.66 eV can be
seen in the spectra of annealed undoped and Fe-doped SI
InP. In contrast to that, in all our as-grown ~nonannealed!
Fe-doped SI InP samples, the only Fe acceptor level detected
is at 0.66 eV. From the spectra of Fe-doped InP annealed at
600 and 700 °C ~30 min and 12 h!, it can be seen that the
intensity of the 0.65 eV peak increases with the annealing
time. Moreover, along with the increasing intensity of the
0.65 eV a peak at 1.29 eV appears in the spectra of annealed
Fe-doped InP and undoped n-type SI InP. Thus the 1.29 eV
peak seems to correlate with the 0.65 eV peak in the an-
nealed SI InP. We assign this feature to the electron transi-
tion from the 0.65 eV level to one of the higher conduction
band minima, say, the L point. This assignment implies that
both transitions involve the same original ground state. We
note that the 1.29 eV peak is not observed in as-grown
~nonannealed! Fe-doped SI InP material. Based on these ob-
servations, it can be concluded that the 0.65 eV midgap level
is most probably a thermally induced defect in the annealed
SI InP material.AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp
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Both electrical and photocurrent measurements of an-
nealed undoped SI InP have shown that the electrical
changes are closely related to the formation of thermally pro-
duced defects in the material. So far, knowledge about the
formation process of defects in annealed InP is incomplete.
A previously proposed model26 may be helpful for interpre-
tation of our results. This model is as follows:
4V InH416e!V InH31V InH2221V InH121V In32110H0" ,
~4!
P1V In
32!P In211VP116e , ~5!
In1VP
116e!InP221V In32 ; ~6!
V InH4 is a common defect in as-grown LEC InP as evidenced
by the infrared absorption spectra shown in Fig. 3. The con-
centration has been found to depend on the compensation
ratio.27 The disappearance of the absorption line in the spec-
trum of annealed InP @Fig. 3, trace ~a!# indicates that the
defect is annihilated in the annealing process. According to
Eq. ~4!, after the annihilation, indium vacancy related defects
are left behind acting as precursors for the formation of other
defects @shown in Eqs. ~5! and ~6!#. According to Table I, B
FIG. 4. Room temperature photocurrent spectra of annealed SI InP. ~a!
Undoped, Fe-doped and mixed conduction semi-insulating InP; ~b! annealed
undoped semi-insulating and InP. In ~a!, the semi-insulating samples were
subjected to different annealing conditions: a! undoped n type SI; b! as-
grown Fe doped; c! Fe doped annealed at 600 °C, 30 min; c! Fe doped
annealed at 700 °C, 30 min; d! Fe doped annealed at 700 °C, 12 h; e!
annealed undoped mixed conduction SI. The energy positions of peaks a–j
in ~b! are 0.43, 0.44, 0.49, 0.57, 0.65, 0.66, 0.77, 1.30, 1.31, and 1.43 eV,
respectively.Downloaded 02 Nov 2006 to 147.8.21.97. Redistribution subject to type samples have a much lower V InH4 concentration than A
type samples. After annealing, the change in electrical pa-
rameters for the A type samples is relatively large, indicating
the important role of this complex in the compensation pro-
cess.
Based on these defect evolution equations, a tentative
assignment of those defects detected by photocurrent spec-
troscopy can be given. The 0.43 eV peak in Fig. 4 is a com-
mon defect produced by high temperature annealing of LEC
InP. A similar level has been measured in annealed undoped
SI InP by photoinduced current transient spectroscopy
~PICTS!28 and in annealed low resistivity InP by deep level
transient spectroscopy ~DLTS!.13 This level is usually con-
sidered to be a phosphorus vacancy related defect and related
to phosphorus deficiency. Close to this peak, a peak at 0.44
eV possibly results from the excitation of a residual deep
level impurity such as Cr.29 The 0.49 and 0.57 eV levels are
close to the PICTS levels labeled A4 and A5 by Marrakchi
et al.28 These two levels were considered to be related to
phosphorus overpressure, thus they are possibly related to an
indium vacancy. A level similar to the 0.77 eV level has
been found in annealed n-type and p-type LEC InP by a
photocapacitance ~PHCAP! measurement by Nishizawa
et al. and is assigned to the excitation of holes from a defect
level to the valence band, found by the PHCAP result.30,31
There is a possibility that the 0.77 and 0.57 eV peaks are
excitation of holes and electrons from one defect level to the
valence band and the conduction band, respectively.
With regard to the 0.65 eV midgap defect level, its as-
signment to a phosphorus antisite related defect is consistent
with a calculation showing that this defect should indeed be
located at the middle of the gap.32 Experimental studies have
also found a midgap defect level related to a phosphorus
antisite in InP.33 Recently a midgap level at Ec20.64 eV was
also found in annealed n-type LEC InP by PHCAP.30 Its
concentration can be suppressed by increasing the amphot-
eric impurity concentration, indicating that it is a native de-
fect. High concentrations of phosphorus antisite defects were
detected by optically detected magnetic resonance only in
annealed undoped high resistivity LEC InP.34
There seems to be a relationship between the thermally
induced 0.43 and 0.65 eV levels, since both appear in one
annealed Fe-doped sample and neither can be seen in other
samples. These observations support the suggestion that they
are due to thermally induced defects rather than to inadvert-
ent metal contamination. The presence of a high concentra-
tion of shallow acceptors in the material is qualitatively con-
firmed by the PL measurement and this is in agreement with
a previous mass spectrometer analysis.25 The assignment of
the 0.66 eV photocurrent peak to a Fe related acceptor level
is consistent with the observation that it is very weak in
annealed n-type SI InP which is known to possess a very low
Fe concentration. We conclude that in annealed undoped SI
InP the compensation center at the 0.65 eV level is a native
defect rather than a Fe acceptor level.
V. CONCLUSION
The electrical properties of undoped LEC InP can be
changed significantly by annealing at high temperature. NAIP license or copyright, see http://jap.aip.org/jap/copyright.jsp
955J. Appl. Phys., Vol. 86, No. 2, 15 July 1999 Fung et al.type and mixed conduction ~with p type! semi-insulating un-
doped InP can be produced upon annealing. The acceptor
concentration is mainly increased by native defects. The
higher compensation level causes a high purity material to
change from n type to p type. A midgap defect forms and is
attributed to a phosphorus antisite related defect. A defect
level at 0.43 eV is generated simultaneously.
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